Introduction
Barium sulfate is a known scale producing precipitate in many industrial and oil drilling processes [1] [2] [3] . Work within our group has focussed on trying to understand, at a fundamental level, the interactions of inhibitor molecules with the surfaces of barium sulfate [4] [5] [6] [7] . Additionally, it would be valuable if information from modelling could be correlated to inhibition and vice versa. To this end we have conducted several studies employing both computational and experimental techniques in order to obtain this information [8, 9] . Ethylenediaminetretraacetic acid (EDTA) is a particularly interesting molecule to investigate since many consider its only action in growth inhibition experiments is that of a complexation agent. If this is true then the effect of EDTA is on solution species only, i.e. EDTA complexes cations in solution thus reducing the free ions available to participate in the crystallization process and results in a lower supersaturation. It will be shown in this paper that EDTA does not only operate in this manner and that direct EDTA-surface interactions must also play a part.
AFM studies have tended to concentrate on the dissolution of barite and have shown that the etch pits in the presence of EDTA have a different morphology than those formed in pure water [10, 11] . However, this work was conducted at high pH (pH=12) and subsequent work has shown the same etch pit morphology occurs at high ionic 5 strength [12] in the absence of EDTA. Thus, it is not clear if the changes observed are caused solely by the high ionic strength, or if the EDTA plays a significant role. In this work, we have purposely avoided such high pHs in order to avoid such ambiguities. The only other literature (not from our group) to mention barite and EDTA is that of Uchida [13, 14] where once again EDTA is used for its complexing ability (at high pH) and is shown to affect the morphology of barite. The role of EDTA as a complexing agent necessitates that sufficient EDTA be present to complex enough cations in solution to appreciably affect the supersaturation. Thus, if EDTA is complexing barium ions in solution it cannot act as a threshold inhibitor (i.e. an inhibitor that is efficacious at very low concentrations, meaning that too little inhibitor is present to affect the supersaturation) .
In an effort to obtain both ex situ and in situ information, several techniques have been used here to investigate barium sulfate crystallization in the presence of EDTA. Results from FTIR spectra, speciation curves and molecular modelling have all been gathered together and used to interpret in-situ conductivity and turbidity measurements that give information on the precipitation rate. Acquisition of FTIR spectra of EDTA on barium sulfate surfaces was possible since the infrared absorbances of EDTA are not in the same wavenumber region as the sulfate bands of the barite. Interpretation of these spectra has been achieved with the aid of speciation curves, relevant literature and molecular modelling. 6 
Experimental

Conductivity and turbidity
Conductivity results have been previously reported [4] [5] [6] [7] and these were used to obtain de-supersaturation information in situ. Put simply, the comparison of the desupersaturation rates with and without inhibitor present determine the degree to which precipitation is inhibited. Turbidity is used to measure the induction time [15] , which is in turn related to the nucleation rate. Inhibitors can be nucleation inhibitors, growth inhibitors or both. Both methods consisted of equilibrating 0.25 mM BaCl 2 (toxic salt) to 25 °C, inserting the relevant probe and adding a stoichiometric amount of Na 2 SO 4 to commence precipitation. Data was continuously logged to a computer for later analysis.
The samples were filtered after each experiment and then prepared for scanning or transmission electron microscopy (SEM or TEM). Scanning Electron Micrographs were recorded on a Philips XL30 microscope. Transmission Electron Microscopy was carried out on a JEOL 2100 TEM operating at 120kV. Samples for TEM were resin-embedded cross-sections supported on holey carbon grids.
Molecular modelling
Molecular modelling of inhibitor molecules on flat barium sulfate surfaces has previously been published [8, 16] . The parameters derived specifically for EDTA can be found in [8] . The molecular modelling was conducted using empirical potentials, the parameters of which were fitted to known constants or suitably derived. A schematic of EDTA is given in Figure 1 below.
Infrared
Infrared spectra were obtained on a Bruker IFS 66 instrument using the Horizontal Attenuated Total Reflection (HATR) accessory. The resolution was 4 cm -1 and an MCT (Mercury Cadmium Telluride) detector was used. The aperture was 12 mm and 256
scans were obtained for all spectra. A small particle size (high surface area) barium sulfate was prepared at extremely high supersaturations by mixing BaCl 2 (0.5 M, pH 3)
and Na 2 SO 4 (0.5 M, pH 3) with magnetic stirring. At this pH, agglomeration of the particles formed could be avoided by surface charge repulsion. The solids were analysed for particle size distribution (using a Malvern Mastersizer) and surface area (using BET, nitrogen as the carrier gas). The mean radius of the particles was found to be ~270 nm with 90% of particles below 560 nm and the surface area was found to be
The adsorption experiment consisted of equilibrating 30 mL of EDTA solution (at a given concentration) with 0.10 g barite solids and adjusting to the desired pH with small amounts of HCl or NaOH. The pH was further adjusted after 24 hours if necessary and re-equilibrated for a final 24 hours. The adsorbed organic spectra were obtained by subtracting the spectra of barium sulfate in solution at a given pH from the spectra of the organic+barium sulfate in solution at the same pH. This does, however, imply that some contribution is made by the dissolved organic (in solution) to the spectra. This is expected to be small given the small penetration depth (of the evanescent wave) and the high surface area of the barium sulfate used. The differences observed between the solution spectra and the adsorbed spectra confirm that the solution species did not significantly impact the infrared results.
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Speciation curves
Speciation curves were calculated using the Hyss program [17] . Equilibrium constant data, both for protonation and complexation reactions, were obtained from the on-line JESS thermodynamic database [18] .
Results and Discussion
Conductivity, morphology and turbidity
To fully understand how EDTA interacts with barite, it is essential that both the solution chemistry of EDTA and its surface activity onto barite is taken into consideration.
First, let us turn to the solution behaviour of EDTA. In solution, the protonation state of EDTA naturally depends on the pH (shown in Figure 2 ). This changes when other cations are present due to formation of complexes with EDTA. Figure 2B shows that the barium ion is at most 40% complexed with EDTA at pH 6 (when the ligand and ion are present at 1:1). This complex is in the form LBa 2-where L refers to the fully deprotonated ligand. Note, this uses a high complexation constant (ln K) for the formation of LBa 2-of 9.336 and will be even less (<10%) if other, smaller values are used (values for ln K of the complexation reaction range from 7 -9.336 with most being ~7.5 [18] ), thus this is an upper estimate.
Conductivity results show that EDTA is able to inhibit precipitation of barium sulfate provided suitable concentrations are present ( Figure 3A) . Similarly, turbidity measurements showed that the nucleation rate is slowed with increasing EDTA up to ~5 ppm ( Figure 3B , this is roughly 1:16 EDTA:Ba
2+
). Thus, EDTA impacts on the nucleation rate of barium sulfate at very low levels. This impact can be seen in the 9 morphology of the particles obtained in the presence of EDTA as shown in Figure 4 .
The morphology change observed in the presence of EDTA cannot be explained on the basis of a lowered supersaturation. As supersaturation decreases, the barite particle morphology transforms from the 'pillow-shaped' particles to rhombohedral particles [19] .
From the conductivity data, it can be seen that EDTA decreases the de-supersaturation rate as concentration increases ( Table 1 ). The initial Ba 2+ concentration in solution is 0.249 mM.
The notion that a simple lowering of supersaturation is the only mechanism behind all of these phenomena is not tenable. Most obviously, the morphology change in the barium sulfate particles implies that some adsorption process is occurring. In terms of morphology, the dramatically different form of barite observed, compared to when supersaturation is decreased, suggests that the effect is due to direct EDTA-barite surface interactions. The rice shaped particles in Figure 4 indicate that EDTA interacts with the (011) face in a manner similar to that observed for phosphonates by the group of Davey [20] .
In addition, even at very low EDTA levels, inhibition is occurring to some extent. For example, at 0.016 mM (5 ppm) EDTA, at most 42-45% of the EDTA is expected to be complexed with Ba in the LBa 2-form. This would still leave a Ba 2+ ion concentration of 0.243 mM and therefore lead to a lowering of the supersaturation ratio by only 1.5%
(S=25 initially, S=24.6 after complexation) yet we see an inhibition of 16% at this level.
It is true that de-supersaturation rate is not linear with supersaturation but the reduction is nevertheless more significant than expected. Another reason why it is clear that the 10 mode of action of EDTA is more than just a complexation effect is the effect on nucleation. As shown in Figure 3B , the turbidity curves obtained for precipitation of barium sulfate in the presence of different EDTA concentrations at pH ~6 (unseeded) show that the induction time increases (nucleation rate decreases) as the concentration increases. Since complexation at 1 ppm (0.003 mM) EDTA only lowers the supersaturation by 0.002%, the effect on nucleation must be due to some other mechanism. Also, note that the effect on nucleation is not significantly altered on going from 5 ppm (0.016 mM) to 15 ppm (0.049 mM) EDTA.
The barite basal face observed at 50 ppm (0.16 mM) EDTA cannot be unambiguously assigned using SEM alone. Ultramicrotomed samples of barite particles formed in the presence of EDTA were viewed using a Transmision Electron Microscopy (TEM) and Selected Area Electron Diffraction (SAED) patterns were obtained. Due to the random orientation in which the particles can be set within the resin, only those particles that appeared whole, lying completely on the basal plane and, where possible, in an area of the grid without other particles around them were chosen. These particles showed a consistent diffraction pattern; an example is shown in Figure 5 . Analysis of the d spacings obtained for the SAED gave the (010) face as the basal face.
The precipitation experiments were also conducted at higher temperatures since barite scale in the petroleum industry is commonly formed under such conditions. The control particles at ~80 °C are thicker and the aspect ratio is closer to 1 than at 25 °C. At higher temperatures and with EDTA present, the barite particles are similar to those formed at the lower temperatures but are somewhat blockier. As per the control, the aspect ratio is closer to one and as the EDTA concentration increases, the particles become flatter; this 11 too was observed at the lower temperature. Thus, essentially, the EDTA affects morphology in much the same way at higher temperatures as it does at lower temperatures. At the higher temperature and at lower concentrations however, rice shaped particles are not observed, although at 0.049 mM EDTA there is a hint of the (011) face as observed by the rounding of the corners.
FTIR
The speciation curve for EDTA ( Figure 2) Figure 8 shows the solution spectra of EDTA (in the absence of barium sulfate) at different pHs. At pH 5 the asymmetric stretch is found at 1619 cm -1 consistent with the literature. As pH increases, the asymmetric stretch does not change significantly. The free C=O stretch for EDTA is found at 1726 cm -1 [22] and was not observed for any of the spectra. The HATR spectra of EDTA in solution shows that as pH increases, the band at ~1360 cm -1 disappears (Figure 7) . This supports the speciation data ( Figure 2) , showing that a proton is lost from the EDTA molecule as the pH increases from 5 to 8. Thus, it is clear that this peak must be associated with the protonation state of EDTA and is not a symmetric COO -stretch. This is also supported by literature [21] where H 2 L is observed to have the same FTIR spectra as shown for our pH 5 sample (where the H 2 L species is expected to exist). The symmetric COO -stretch can now be assigned as that occurring at ~1400 cm -1 in all of the spectra.
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The adsorbed EDTA (on barium sulfate) spectra show ( Figure 8 ) that independent of pH, the EDTA spectrum of the adsorbed species appears to have the same structure as the solution EDTA species observed at pH 8 (due to the absence of the 1360 cm -1 peak).
This was also true for all concentrations investigated above the detection limit.
Comparison with the speciation curve suggests a mono-protonated EDTA (where the proton is bonded to the nitrogen due to zwitterion formation [23] ). There appears to be a shoulder between 1675-1660 cm -1 however, the dominant COO -asymmetric stretch is now found at ~1575 cm -1 for all pHs. This movement of the asymmetric stretch to lower wavenumbers suggests a chemisorption process. The shoulder could be due to some coordinated COOH, however, according to Faulques et al. [22] , the lack of protonated carboxyl groups at pH 8 (since the proton will be on the nitrogen) implies that the 1675-1650 cm -1 shoulder is perhaps due to hydrogen bonding from the zwitterion with the carboxylate rather than the presence of any carboxylic acid moiety.
To the best of our knowledge, this is the first time it has been shown that an adsorbed species is different to, and independent of, the solution species. Thus, while the EDTA molecule might be in the di-protic state in solution (for those pHs <7) the surface is able to deprotonate the molecule on adsorption. There is a hint of protonated species for the pH 5 spectrum, however, this could be due to a small contribution from the solution and may not actually be due to the adsorbed species.
The effect of calcium
The presence of calcium cations changes the behaviour of EDTA during the precipitation of barite. The role of calcium has been a point of discussion for many years. Certainly, when comparing solutions with and without calcium ions present, 13 inhibitors can appear to inhibit better in the presence of calcium ions. However, calcium ions impart their own substantial impact on barium sulfate precipitation [19] . Thus, in order to know whether the presence of calcium ions increases or decreases the precipitation rate, the comparison must be made with the same ionic strength and supersaturation as the control. In addition, any interpretation of what occurs in the presence of calcium must also include what happens to the EDTA solution chemistry in the presence of calcium cations. Figure 9 shows the solution speciation curves for EDTA in the presence of calcium ions.
When calcium ions are present, the EDTA is almost fully complexed by pH 6 at 1:1 concentrations. Thus, EDTA will preferentially complex to calcium over barium ions. In mixed systems then, very little barium ion complexation occurs, while the EDTA is almost completely complexed with calcium.
As shown in ref [24] the presence of calcium ions and EDTA during barite precipitation leads to a lower inhibitory response. Thus, the presence of calcium ions increases the de-supersaturation rate when compared to an appropriate control [24] . Recall, when barium sulfate is precipitated in the presence of EDTA only, increasing concentrations show an increasing induction time. We know then, that on its own EDTA can be a nucleation inhibitor but with calcium present this does not occur. We also know that calcium is complexed by EDTA at these concentrations and that this complexed species does not affect morphology (see Figure 10 ).
If complexed EDTA does not induce morphological changes in barium sulfate then this must suggest that either it does not participate in precipitation or that these species are 14 incorporated early on in precipitation (possibly as part of the critical nuclei) and are not available to influence morphology by adsorption. From our work with zinc cations [25] , it appears that the lack of morphological effect on barium sulfate by EDTA in the presence of calcium is most probably due to the complexed EDTA not being surface 'active'. That is, it is only the uncomplexed EDTA that is able to affect the morphology by directly adsorbing onto the barium sulfate surface.
Molecular Modelling
At pH 7-8 EDTA exists mainly as the HL 3-species, where the proton would be expected to bond to the nitrogen atom. At lower pHs the dominant species is H 2 L 2-in solution, however, the infrared results suggested that the adsorbed EDTA is in the form of HL 3-.
Thus, in our computer simulations we chose to model the EDTA molecule as shown in E surf+additive is the energy of the system with the additive adsorbed, n is the number of sulfates removed from the surface in order to adsorb the additive (for the L 4-EDTA species, this requires n=2), E sulf is the energy of the isolated sulfate ion and E solvSO4 is the corresponding solvation energy of the sulfate, E surf is the energy of the surface with the sulfates still in the lattice, E additive is the energy of the free additive (in this case EDTA) and E solvAdd is the corresponding solvation energy of the additive. 15 The replacement energy for EDTA on seven barite faces follows the order below:
(the surface of the 100 face can be cleaved in two distinct way and so both terminations have been studied and are termed 100a and 100b, see refs [8, 9] for further details). Figure 11 shows the adsorbed configurations of the two most energetically favoured faces for EDTA. For many of the EDTA configurations, the carboxylate groups do not lie within the surface. This is true for the (011) face, which is the most energetically favoured configuration. However, the carboxylate oxygen atoms are all within a distance to interact significantly with at least one and, in most cases, two surface barium atoms. The only EDTA configuration to show all four carboxylate groups within the surface is that on the (100a). observed FTIR spectra will, of course, be an average of all these interactions, as well as any differences induced by the presence of water. Due to the necessity of simplifying this simulation, zwitterion formation was not investigated and so the results presented here pertain only to the carboxylate interactions with the barium sulfate surface.
However, previous modelling comparing the presence or absence of the zwitterion suggests that its impact is small and only increases the strength of the adsorption process by the ability of the zwitterion to hydrogen bond to the surface [28] .
In comparison to the experimentally observed results on the morphology (see Figures 4 and 6), the rounded edges forming 'rice' shaped particles of barium sulfate appears to be the signature of particles formed in the presence of a growth modifier with a strong interaction on the (011) face as demonstrated by phosphonate additives also found to have a strong interaction on the (011) [20] and shown schematically in [9] . At higher concentrations, the particles are flatter. This is also observed when barite is precipitated in the presence of a triphosphonate; in this case the flat section of the particle was shown, via selected area diffraction, to be the (100) [9] . In the presence of EDTA this flat face was found to be the (010) (from TEM SAED shown in Figure 5 ). What is interesting is that experimentally as temperature is increased, the (011) interaction is not observed. There are two possible explanations for these observations; one is that as temperature increases, kinetic effects become important and this impacts on the morphology observed, the other is that as temperature increases the sequence of 17 favoured faces could alter. In addition to these possibilities is that the modelling conducted here is on flat surfaces and crystallization is known to occur via step, kink or spiral growth mechanisms, thus differences in the replacement energy ordering might be expected if modelled on these growth features. This could also be important in explaining why we observe the (010) interaction in preference to the (100) interaction.
Overall, however, this relatively simple model has been able to determine those faces most likely to be affected and the experimental results confirm these results overall (at room temperature the (011) and (010) interaction are observed, while at high temperature the (210), (100), (010) interactions are observed).
Summary and Conclusions
It is often assumed that the action of carboxylates such as EDTA is purely by complexation of ions in solution, reducing the activity of such ions. However, it has been demonstrated in this work that such an assumption is erroneous.
Firstly, the degree of barium complexation in solution is not sufficient to explain the effects on turbidity and to a lesser extent on conductivity behaviour. Secondly, the impact on morphology is not the same as that observed when supersaturation is reduced.
Furthermore, it has been shown by infrared spectroscopy that chemisorption of the EDTA molecule occurs onto barium sulfate. Interestingly, regardless of the solution speciation, EDTA is shown to adsorb in the de-protonated form -suggesting that the molecule is able to lose a proton when it adsorbs from solutions at lower pHs.
The turbidity results show that nucleation is slowed when even low levels of EDTA are present. Thus, EDTA must affect the critical nuclei. Molecular modelling was able to 18 show that the interaction of the surface barium atoms with the carboxylate group is an important one and that the corresponding faces that were found to have the lowest replacement energies were those that were also observed experimentally.
Finally, the presence of calcium appears to reduce the ability of EDTA to inhibit barium sulfate crysallization. The morphology of the barium sulfate when both calcium and EDTA are present is unaffected by the EDTA and this could be due to there not being free EDTA to interact with the barium sulfate nuclei. 
Tables
